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FLATTOP LASER BEAM GENERATION AND
RESHAPING ON AN OBLIQUE SCREEN
USING LIGHT PIPES

This application claims priority from U.S. patent appli-
cation No. 63/215,438 filed 26 Jun. 2021, which application
1s incorporated herein by reference.

BACKGROUND

In high-throughput optical fluorescence applications, the
system usually consists of a detection/observation module, a
large sample area, and a high-power light source. The
detector can be a high-resolution microscope optics. The
sample area could be larger than 10 mmx10 mm. The
high-power light source 1s a laser. The microscope optics 1s
usually located 1n the normal direction to the sample area to
have optimal optical image quality. This leaves the light
from laser to be incident at the sample, 1n an ofl-normal
direction and sometimes 1n a steep angle to avoid obstruc-
tion by the objective. The large incidence angle creates a
slant intensity distribution. As the sample area increases, the
high to low ratio (HLR) of intensity from top to bottom gets
worse which limits the throughput of the system depending
on the acceptable HLR. It 1s necessary to improve the HLR
in the light beam to improve the system throughput.

The general goal 1s to provide a sample area where a
sample of interest 1s located. The sample area, as mentioned,
may be as large as 10 mmx10 mm or larger. The sample area
may be square. A detection/observation module 1s aimed at
the sample area. The detection/observation module may be
a high-resolution microscope. Usually 1t 1s very desirable to
point the detection/observation module directly at the
sample area, by which we mean that its axis 1s normal to
(perpendicular to) the plane of the sample area. It 1s, of
course, necessary to 1lluminate the sample area with suitable
illumination. It 1s often desired that the sample area be
illuminated very brightly, with very little of the light going
to waste outside of the sample area that 1s being viewed by
the detection/observation module. It 1s further often desired
that the sample area be 1lluminated very uniformly, so that
the difference between intensity of 1llumination at places of
highest 1llumination and intensity of 1llumination at places
of lowest 1llumination 1s minimized. We can define a figure
of merit as HLR or “high to low ratio” which characterizes
the degree of success 1 mimmizing such differences of
intensity across the sample area being illuminated.

One of the constraints, however, 1n the design of such an
arrangement, as mentioned above, 1s that there i1s usually
very little choice but to provide the i1llumination from some
axis that 1s not the same as the axis of the detection/
observation module, and indeed from an axis that 1s quite
oblique therefrom. A moment’s consideration of this cir-
cumstance prompts a realization that there can be at least
two potentially undesirable consequences of such off-axis
illumination. A first very undesirable consequence 1s that
some parts of the illuminated sample area are more brightly
illuminated than other parts of the illuminated sample area.
A second potentially undesirable consequence 1s that the
beam profile 1s distorted 1n shape, with some of the light
going to waste due to a failure of the shape of the beam
profile to match the area being addressed by the detection/
observation module.

It would be desirable if an approach could be devised by
which a high-power light beam could be generated on a
plane, with the beam being uniform in intensity across a
sample area, notwithstanding the plane being oblique to the
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axis of the light beam. Said diflerently, it would be desirable
if the HLR could be made close to unity. It would further be
desirable i the approach could provide a light beam pro-
viding illumination with a shape matching an area being
addressed by a detection/observation module such as a
microscope. If, for example, the area being addressed by the

detection/observation module were square, 1t would be
desirable 1f the shape of the high-intensity beam of light

could likewise be square.

SUMMARY OF THE INVENTION

A high-power uniform light beam 1s generated on an
oblique plane by one or more diode lasers and two or more
light pipes. The light pipes may be trapezoidal so that the
illuminated area 1s square.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows an i1mage projection with a light pipe
directed normal to a target plane.

FIG. 2 shows a projected beam profile resulting from the
arrangement of FIG. 1.

FIG. 3 shows an image projection with a light pipe
directed at an oblique angle to a target plane.

FIG. 4 shows a projected beam profile resulting from the
arrangement ol FIG. 3.

FIG. 5 shows an mtensity cross section across section 4A
in FIG. 4.

FIG. 6 shows a trapezoidal light pipe cross section
intended to nvert the distortions seen in FIG. 4 when
employed at an oblique angle as seen 1 FIG. 3.

FIG. 7 shows a simulated image resulting from the
trapezoidal light pipe of FIG. 6.

FIG. 8 shows two trapezoidal light pipes.

FIG. 9 shows a dated image resulting from the light-pipe
arrangement of FIG. 8.

FIG. 10 shows an intensity cross section across section 9A
in FIG. 9.

FIG. 11 shows four trapezoidal light pipes.

FIG. 12 shows a simulated image resulting from the
light-pipe arrangement of FIG. 11.

FIG. 13 shows an intensity cross section across section

12A 1 FIG. 12.
FIG. 14 shows an intensity cross section across section

12B 1n FIG. 12.

DETAILED DESCRIPTION

As will be described, this invention utilizes specially
designed light pipes to produce a laser light beam with an
HLR of approximately 1, incident on a target plane that 1s at
an oblique angle relative to the axis of the light pipes. The
non-uniform distributed laser light sources are first fed into
specially designed light pipes. In each light pipe, the light 1s
scrambled by multiple internal reflection and exits the light
pipe at its exit aperture with a uniform intensity distribution.
Following the light pipes in the optical path, an 1imaging lens
1s used to project the shape of the exit aperture onto the
oblique plane.

We can begin by modeling what goes wrong when a
single light pipe 1s employed such as that depicted in FIG.
3. Due to the oblique incident angle (), the light distribu-
tion 1s no longer uniform. In simple calculation, the light
intensity on the screen i1s proportional to

~(L-cos({a)/cos(a+0))-2,



US 11,880,056 B2

3

where L 1s the distance from the lens to the screen center, o
1s the screen tilting angle from normal direction, and 0 1s the
light ray angle measured from the normal direction. (Due to
the large magmﬁcatlon used 1n the setup, the distance from
the hght pipe exit face to the lens can be 1gnored.) If the
screen 1s tilted by, say, 55 degrees from normal relative to the
light-pipe axis, the light intensity at the upper edge where
angle 0=10 degrees would fall to about 55% of the central
intensity. At the lower edge of angle 0=-10 degrees, the
intensity increases to 150%. The HLR 1s thus about 1:0.37.

As will be described, the invention overcomes this prob-
lem by selecting multiple light pipes of diflerent shapes and
injecting particular ratios of laser powers to improve the
HLR. At least two light pipes with proper laser power ratios
are utilized to improve the light distribution on the oblique
imaging plane.

FIG. 1 shows a standard image projection, where the
output beam from a square cross-section light pipe 1s 1nci-
dent on a screen located normal to the beam. It will be
appreciated that this geometry 1s not used 1n actual detec-
tion/observation situations, because in actual detection/ob-
servation situations, 1t 1s the detection/observation module
that would have 1ts axis normal to the screen. We discuss
FIG. 1 simply to show what would happen 1f one were to
have the luxury of being able to aim the illumination
apparatus directly at (normal to) the screen.

In FIG. 1, the light output of a diode laser (101) with
Gaussian distribution 1s collected by a 1 mm square light
pipe (102) of length 50 mm. " ects

T'he imaging lens (103) proj
the output aperture of the light pipe to a screen (104) which
1s normal to the direction of the light path (105). The
projected beam profile 1s shown 1n FIG. 2. In this example,
a 20x magnification 1s used and the image on the screen
(104) 1s a umiform 20 mmx20 mm square profile. Such a
square 1lluminated area would be 1deal for i1lluminating a
sample area 1n a case where the detection/observation mod-
ule 1s designed to address a square area. It bears emphasis
that the 1llumination 1s uniform across the entire square area.
The HLR 1s very close to unity. But 1t 1s not possible to put
the detection/observation module and the 1llumination appa-
ratus 1n the same physical location, on the same axis. So the
illumination approach of FIG. 1 1s not workable.

We thus permit the detection/observation module to main-
tain 1ts (highly desirable) normal orientation relative to the
plane of the sample area, and we reposition the 1llumination
apparatus to an oblique angle relative to the sample area.
This 1s depicted i FI1G. 3. The other way to characterize the
change 1s to say that we have tilted the screen (the plane of
the sample area) so that it 1s at an angle relative to the optical
path of the i1llumination apparatus. If we characterize things
this way, then of course we say that we have also tilted the
detection/observation module’s axis correspondingly to pre-
serve 1ts normal orientation relative to the plane of the
sample area.

When the screen 1s tilted by an angle a relative to the
optical path (305) as shown 1n FIG. 3, the projected image
outline on screen (304) becomes distorted as shown 1n FIG.
4. By this we mean that what had previously (in FIG. 2) been
a square area of i1llumination becomes a non-square area of
illumination (in FIG. 4). The x:y ratio mn FIG. 4 1s about
1/1.8 or worse.

A ray-tracing simulation permits a high-confidence mod-
cling of a light imtensity cross section across line 4A 1n FIG.
4. The light 1intensity 1s shown in FIG. 5. The intensity cross
section (4A) 1n the y direction (at x=0) becomes slanted as
shown m FIG. 5. The HLR 1s about 1:0.45. In plain

language, the least brightly i1lluminated places in the lit-up
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trapezoid of FIG. 4 (which are toward the top of FIG. 4) are
only about 45% as bright as the most brightly i1lluminated
places (which are toward the bottom of FIG. 4). What we see
1s that indeed both of the undesirable consequences men-
tioned above 1n the discussion of the background are seen to
OCCUL.

We can now discuss a first step 1n the direction of trying
to address the undesirable consequences of the ofl-normal-
axis 1llumination. A first step 1s to try to arrive at an
illuminated area that 1s square, so that 1t matches the square
shape of the area addressed by the detection/observation
module.

In order to correct the shape distortion, a light pipe with
trapezoid shape and specific size 1s chosen, as seen 1n FIG.
6. A trapezoid having a long side of 1.8 mm, a short side of
1.5 mm and a height of 0.9 mm 1s shown. Its Xx:y ratio 1n FIG.
6 1s about 1.8, selected to be the inverse of the value found
in the distorted profile of the 1lluminated area in FI1G. 4. With
this shape as seen 1 FIG. 6, the image profile of the
illuminated area on the sample screen 1s restored to nearly
square. F1G. 7 shows 1s the simulated image of the illumi-
nated area from such a light pipe.

What may be immediately appreciated by the alert reader,
however, 1s that the HLR 1s not near unity, and so the HLR
needs improvement. In FIG. 7, the alert reader appreciates
that the illuminated area toward the bottom of FIG. 7 1s
much more brightly illuminated than the illuminated area
toward the top of FIG. 7. One way to describe this 1s that
there 1s a slanted power distribution in the y direction i FIG.
7.

In order to correct the slanted power distribution 1n the y
direction, multiple light pipes with differing power levels are
used. One example 1s using two trapezoid light pipes in
parallel as shown 1n FIG. 8, The smaller light pipe, below 1n
FIG. 8, has a short side of 1:5 mm and a long side of 1.65
mm. The larger light pipe, above 1n FIG. 8, has a short side
of 1.65 mm and a long side of 1.8 mm. Each of the two light
pipes has a height of 0.45 mm.

In the example of FIG. 8, the power (the amount of light
being pumped into each of the two light pipes) 1s caretully
adjusted to a ratio of 1:1.24 as between the upper and lower
trapezoids.

One way to choose such a ratio 1s to return to FIG. 4 and
to measure the area above y=0 and the area below y=0 1n that
figure. The ratio of those two areas 1s about 1.24.

Similarly to the discussion above with FIGS. 4 and 5, a
ray-tracing simulation permits a high-confidence modeling
of a light intensity cross section across line 9A 1n FIG. 9, The
light itensity 1s shown in FIG. 10. What 1s observed is that
the HLR 1s improved to be about 1:0.75 as shown in FIG. 10.
This 1s a great improvement as compared with the situation
depicted 1n FIG. 5.

The laser power division can be achieved by translating
the light source relative to the light pipe. The laser power 1n
the upper trapezoid 1s varied from 0% to 100% when the
light source position 1s mtially aligned to the lower trap-
e¢zoid and gradually shifted toward upper one. The laser
power measurement can be done by monitoring the 1mage
plane using a laser camera which 1s available from many
manufacturers. The other method to achieve the proper laser
power rati1o 1s using two separated light sources. Each source
uses its own power driver.

It will be appreciated that 11 it 1s desired to further improve
the HLR, the number of light pipes may be increased. FIG.
11 shows a four-trapezoid light pipe design. The starting
point 1s the structure shown 1n FIG. 8, preserving the overall
exterior dimensions. Each of the two trapezoids of FIG. 8 1s
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itself divided 1nto two trapezoids. The powers 1njected nto
cach section from top to bottom have a ratio of 1:1.11:1:
26:1.46. In order to adjust the laser power distribution, each
section has an independent light source such as a fiber-
coupled diode laser with an independent power supply. FIG.
12 shows the simulated image (illuminated area on the
sample plane) which i1s generated by the above mentioned
arrangement. The i1lluminated area 1s very nearly square and
it 1s very nearly uniformly illuminated. FIG. 13 i1s the
illumination 1ntensity along a vertical cross section of the
image profile (at section line 12A) along x=0, modeled by
ray tracing. The result shows nearly tlat power distribution
from top to bottom, and in this context “flat” 1s good. The
HLR 1s nearly 1:1 from top to bottom as seen in FIG. 13. The
X direction profile on the screen (shown 1n FIG. 14) retlects
the light uniformity on the light pipe exit face. It 1s always
leveled due to its symmetry to the x=0 plane. FIG. 14 gives
an example of such a profile at y=0 from FIG. 12B, again
derived from ray tracing.

The two or more light pipes could fill out an elliptical
cross section, 1n which case the result could be a circular
illumination shape.

It will thus be appreciated that what 1s provided 1s a way
to 1lluminate a sample area with very uniform illumination,
despite the axis of the optical path of the 1llumination being
oblique to the plane of the sample area. It will also be
appreciated that what 1s provided 1s a way to i1lluminate the
sample area so as to match the area being addressed by a
detection/observation module such as a high-powered
microscope. The alert reader will have no difliculty devising
myriad obvious variants and improvements upon the inven-
tion, all of which are meant to be encompassed within the
claims that follow.

The 1nvention claimed 1s:

1. An illumination apparatus for use with a detection/
observation module and for use with a sample area deﬁning
a plane, the 1llumination apparatus having an optical axis,
the optical axis being away from normal to the plane and
defining an oblique angle relative to the normal axis, the
illumination apparatus comprising at least first and second
light pipes, each of the first and second light pipes hawng a
predetermined cross section, the first and second light pipes
adjacent to each other, the at least first and second light pipes
together comprising a combined cross section that 1s trap-
ezoidal, the trapezoidal combined cross section defining first
and second parallel faces, the first parallel face likewise
being a face of the first light pipe, the second parallel face
likewise being a face of the second light pipe, the first
parallel face being shorter than the second parallel face, the
adjacency of the first and second light pipes defining a
boundary therebetween, the boundary lying between the first
and second parallel faces, each of the first and second light
pipes having a first end along 1ts axis and a second end along,
its axis, each of the first and second light pipes illuminated
solely at 1ts first end by a respective first and second light
source, the first and second light sources providing non-
identical power levels of light to their respective first and
second light pipes, the first light source providing a higher
power level of light than the second light source, the
illumination apparatus further comprising an imaging lens
disposed between the second ends of the light pipes and the
sample area, whereby a resulting 1lluminated area on the
plane 1s substantially square or rectangular.

2. The illumination apparatus of claam 1 whereby a
resulting 1lluminated area on the plane i1s substantially
square.
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3. The illumination apparatus of claim 1 whereby a
resulting 1lluminated area on the plane 1s substantially
rectangular.

4. The i1llumination apparatus of claim 1 wherein the
oblique angle 1s between 30 degrees and 90 degrees.

5. The i1llumination apparatus of claim 1 wherein the light
pipes are comprised of BK7 glass, fused silica glass, or other
suitable material.

6. The i1llumination apparatus of claim 35 wherein the light
pipes are comprised of BK7 glass.

7. The 1llumination apparatus of claim 5 wherein the light
pipes are comprised of fused silica glass.

8. The 1llumination apparatus of claim 1 wherein the each
light pipe has an mput aperture at its first end and an exit
aperture at its second end, and each mput aperture and each
exit aperture 1s anti-reflection coated.

9. The 1llumination apparatus of claim 8 wherein each of
the light pipes defines surfaces other than its input aperture
and 1its exit aperture, and said surfaces have high-reflection
coating or total internal reflection.

10. The i1llumination apparatus of claim 8 wherein each of
the light pipes defines surfaces other than its input aperture
and 1its exit aperture, and said surfaces have high-reflection
coating.

11. The illumination apparatus of claim 1 wherein the
respective light sources are diode lasers, fiber coupled diode
lasers, or solid-state lasers.

12. The illumination apparatus of claim 1 wherein each
light source has i1ts own respective power control.

13. The i1llumination apparatus of claim 1 wherein the
imaging lens 1s a single-element lens.

14. The i1llumination apparatus of claim 1 wherein the
imaging lens 1s composed ol multiple elements.

15. The i1llumination apparatus of claim 1 wherein the
number of light pipes 1s at least three, the at least first and
second and third light pipes together comprising the com-
bined cross section that 1s trapezoidal.

16. The illumination apparatus of claim 15 wherein the
number of light pipes 1s at least four, the at least first and
second and third and fourth light pipes together comprising,
the combined cross section that 1s trapezoidal.

17. An illumination apparatus for use with a detection/
observation module and for use with a sample area deﬁning
a plane, the illumination apparatus having an optical axis,
the optical axis being away from normal to the plane and
defining an oblique angle relative to the normal axis, the
illumination apparatus comprising at least first and second
light pipes, each of the first and second light pipes hav1ng a
predetermined cross section, the first and second light pipes
adjacent to each other, the first and second light pipes
together comprising a combined cross section that is ellip-
tical, each of the first and second light pipes having a first
end along its axis and a second end along 1ts axis, each of
the first and second light pipes 1lluminated solely at its first
end by a respective first and second light source, the first and
second light sources providing non-identical power levels of
light to their respective first and second light pipes, the
illumination apparatus further comprising an 1maging lens
disposed between the second ends of the light pipes and the
sample areca, whereby a resulting 1lluminated area on the
plane 1s substantially circular.

18. The illumination apparatus of claim 17 wherein the
oblique angle 1s between 30 degrees and 90 degrees.

19. A method for use with an illumination apparatus for
use with a detection/observation module and for use with a
sample area defining a plane, the illumination apparatus
having an optical axis, the optical axis being away from
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normal to the plane and defining an oblique angle relative to
the normal axis, the illumination apparatus comprising at
least first and second light pipes, each of the first and second
light pipes having a predetermined cross section, the first
and second light pipes adjacent to each other, the at least first
and second light pipes together comprising a combined cross
section that 1s trapezoidal, the trapezoidal combined cross
section defining first and second parallel faces, the first
parallel face likewise being a face of the first light pipe, the
second parallel face likewise being a face of the second light
pipe, the first parallel face being shorter than the second
parallel face, the adjacency of the first and second light pipes
defining a boundary therebetween, the boundary lying
between the first and second parallel faces, each of the first
and second light pipes having a first end along 1ts axis and
a second end along 1ts axis, each of the first and second light
pipes 1lluminated solely at 1ts first end by a respective first
and second light source, the first and second light sources
providing non-identical power levels of light to their respec-
tive first and second light pipes, the illumination apparatus
turther comprising an 1maging lens disposed between the
second ends of the light pipes and the sample area, the
method comprising causing the first light source provide a
higher power level of light than the second light source,
whereby the i1lluminated area 1s substantially square or
rectangular.

20. The method of claim 19 wherein the number of light
pipes 1s at least three.
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21. The method of claim 20 wherein the number of light
pipes 1s at least four.
22. The method of claim 19 whereby the i1lluminated area

1s substantially square.

23. The method of claim 19 whereby the 1lluminated area
1s substantially rectangular.

24. A method for use with an illumination apparatus for
use with a detection/observation module and for use with a
sample area defining a plane, the illumination apparatus
having an optical axis, the optical axis being away from
normal to the plane and defining an oblique angle relative to
the normal axis, the illumination apparatus comprising at
least first and second light pipes, each of the first and second
light pipes having a predetermined cross section, the first
and second light pipes adjacent to each other, the first and
second light pipes together comprising a combined cross
section that 1s elliptical, each of the first and second light
pipes having a first end along 1ts axis and a second end along
its axis, each of the first and second light pipes 1lluminated
solely at 1ts first end by a respective first and second light
source, the first and second light sources providing non-
identical power levels of light to their respective first and
second light pipes, the illumination apparatus turther com-
prising an imaging lens disposed between the second ends of
the light pipes and the sample area, whereby the i1lluminated
area 1s substantially circular.
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